Notochord
Introduction
Mammalian embryos develop inside of the liquid-filled cavities that are formed by extraembryonic tissues (Fig. 1A) .
The development of embryos is coordinated with extraembryonic tissue formation, which support embryonic development by implanting embryos into the uterus (Cha et al., 2012) , supplying nutrition (Bielinska et al., 1999) , providing a confined http://dx.doi.org/10.1016/j.mod.2014.01.004 0925-4773/Ó 2014 Elsevier Ireland Ltd. All rights reserved.
niche (Schmidt, 1992) , and also providing patterning signals (Arnold and Robertson, 2009; Tam and Loebel, 2007) to embryos. Growing evidence suggests the importance of mechanical signals in the control of cellular responses and embryonic development (Halder et al., 2012; Hiramatsu et al., 2013; Orr et al., 2006; Vogel and Sheetz, 2009) . Because embryos are connected with extraembryonic tissues, the forces generated by the embryonic/extraembryonic tissues also likely control the development of these tissues. To understand the mechanical roles of extraembryonic tissues on mouse embryonic development, we used mouse embryos and focused on the evolutionarily conserved morphogenesis of the notochord, specifically, convergent extension (CE) movement of the notochord (Keller, 2002; Keller et al., 1989; Schoenwolf, 1993, 1994; Wallingford et al., 2002; Wood and Thorogood, 1994) in which the cells converge to the midline and the tissue elongates along the antero-posterior (AP) axis. Studies in Xenopus showed that CE of the notochord relies on cell rearrangement (Keller, 2002; Wallingford et al., 2002) . Wnt/Frizzled/planar cell polarity (PCP) signaling is required for the polarization of cells (Keller, 2002; Myers et al., 2002; Wallingford et al., 2002) , and the AP patterning systems acting upstream or in parallel determine the direction of tissue elongation (Ninomiya et al., 2004) . PCP signaling also plays important roles in CE of the mouse notochord (Wang et al., 2006; Ybot-Gonzalez et al., 2007; Yen et al., 2009 ), but cellular behaviors during CE in the mouse notochord has not been studied in detail.
In this study, we performed time-lapse imaging of cellular behaviors during CE in the mouse notochord, and found that the cellular behaviors are different from those of Xenopus notochord. We also revealed that, in mouse embryos, the force generated by expansion of the amniotic cavity (AC) plays critical roles in CE of the notochord.
Results

Mouse notochord is stretched along the AP axis
To understand the cellular basis of notochord morphogenesis, we performed time-lapse imaging of the notochord during CE movements. To monitor the cell movements, we used Foxa2 nEGFP-CreERT2 embryos, which express enhanced green fluorescent protein (EGFP) in the nuclei of the notochord and the endoderm (Imuta et al., 2013) , and time-lapse movies were obtained between the early head fold (EHF) (Downs and Davies, 1993) and approximately 5-somite stages. A dissected EHF stage embryo was fixed in a modified culture dish, which was placed on the inverted confocal microscope, as to visualize the posterior notochord region (Yamanaka et al., 2007) (Fig. 1B) , and were cultured with imaging for approximately 10 h. At this stage, the notochord is a one-cell-thick sheet continuous with the endoderm and is exposed to the visceral yolk sac cavity (Fig. 1A) . During this period, the notochord undergoes CE morphogenesis (Sausedo and Schoenwolf, 1994) , and our live-imaging analyses revealed dynamic cell rearrangements during the CE movements ( Fig. 1C-F , Movie S1). Unexpectedly, the notochord cell nuclei were initially oriented toward the left-right (LR) axis, but gradually reoriented toward the AP axis ( Fig. 2A-F , Movie S2). Such reorientation of the notochord cells has not been previously reported in Xenopus notochord studies (Keller, 2002; Keller et al., 1989; Wallingford et al., 2002) . The orientation of the cell division axis was also biased toward the AP and the LR axes in the notochord and endoderm, respectively (Fig. 2G, Movie S3) . Such cellular behavior gave us an impression that the notochord is stretched along the AP axis during CE, and that the cells are rearranged and reoriented to support the rapid extension of this tissue.
To examine whether the notochord is stretched along the AP axis, we ablated a notochord cell by using laser-pulse irradiation and examined the movement of the cells surrounding the ablated cell (Fig. 2H, Movie S4 ). Because ablation of a cell releases the tension from the surrounding cells, the released cells move toward the direction of the tension that the cells are receiving. Wound healing slowly occurred following the rapid relaxation behavior. Therefore, the distance of cell movement immediately after ablation mainly reflects the effects of relaxation behaviors and, thus, correlates with the strength of the tension. Upon ablation of a notochord cell, the cells located anterior (A) or posterior (P) to the ablated cell showed movements that were two to three times larger than those of the cells located at the left (L) or right (R) positions (Fig. 2H , and J-L). Ablation of a nearby endoderm cell caused smaller movements of the surrounding cells; the cells at the LR positions had a tendency to show larger movements (Fig. 2I, M and N) . These results are consistent with the hypothesis that the notochord cells receive strong anisotropic tension along the AP axis, and that the neighboring endoderm cells experience weaker tension, which is slightly biased toward the LR axis.
AC expansion is required for proper notochord morphogenesis
Notochord extension progresses with the growth of the embryonic and extraembryonic tissues, including the expansion of the AC (Fig. 1A) . We hypothesized that the expansion of the AC could be a source of the force required for CE. To test this hypothesis, we inserted an open-tip fine glass capillary into the amniotic cavity by piercing through the visceral yolk sac and the amnion (Fig. 3A) , which suppressed the accumulation of the inner pressure and the expansion of the AC (Fig. 3A , B, E and N). The capillary remained in situ throughout the culture period, and another capillary was inserted after 4 h to overcome clogging of the first capillary. In pierced embryos, the elongation of the body axis and CE of the notochord was reduced, and the notochord cells remained oriented toward the LR axis at the end of in vitro culture (Fig. 3C , D, and F-I). The oriented division of the notochord cells along the AP axis was also reduced (Fig. 3J) . Despite the morphological changes in the pierced embryos, the expression of Foxa2 and T genes in the notochord (Ang and Rossant, 1994; Herrmann, 1991; Sasaki and Hogan, 1993) , which was monitored by the knock-in of H2B-EGFP into the respective loci (Imuta et al., 2013) , were comparable between the pierced and control embryos (Fig. 3K and L) . Furthermore, the rate of somite formation at this stage is faster than later stages (about one pair in every hour) (Tam, 1981) , and this fast rate was not affected (Fig. 3M) . These results suggest that the piercing did not significantly compromise the health of the embryos. Therefore, the most likely interpretation of these results is that AC expansion is required for CE movement and reorientation of the notochord cells, although we cannot completely rule out other unknown effects of embryo manipulation.
To further examine the importance of the AC expansion for the reorientation of the notochord cells, we next analyzed freshly dissected embryos, which showed moderate AC expansion. The dissected embryos showed enhanced AC expansion during in vitro culture (Beddington, 1981) , likely because the removal of the surrounding visceral yolk sac cavity and decidua (Fig. 1A) eliminated the forces that antagonized AC expansion (Hiramatsu et al., 2013) . In correlation with the weaker AC expansion, the freshly dissected embryos showed slightly reduced CE and reorientation of the notochord cells (Fig. 4) . Taken together, these results support the hypothesis that AC expansion controls CE and reorientation of the notochord cells.
CE movement is controlled by the morphology of the notochord
Expansion of the AC should stretch the overlying embryonic tissues. Although expansion of the AC is likely unbiased, our results are consistent with the hypothesis that AC expansion provides AP-biased force to the notochord cells. Therefore, we next examined whether unbiased AC expansion causes AP-biased application of the stretching forces to the notochord cells by using mathematical modeling (Fig. 5) . AC expansion is a three-dimensional (3D) morphogenesis that can be approximated by the expansion of a spherical substrate (Fig. 5A) . To simplify the model, however, we generated a twodimensional (2D) model in which AC expansion was represented by the 2D expansion of a flat substrate (Fig. 5B) , and the notochord was represented as a rectangle object placed on the substrate (Fig. 5C ). The notochord was defined as a grid, which mimicked the cells, and each vertex of the grid received forces derived from the surface tension (F t , constant force) or the elastic spring (F s , variable force that correlates with side length) defined for each side of the grid ( Fig. 5D-i ) and from the area elasticity (F a , the force that maintained the area of each grid) defined for each grid ( Fig. 5D -ii). Each vertex also received a friction force from the expanding substrate (F e ) ( Fig. 5D-iii) . To clarify the effects of notochord morphology on the forces that the notochord cells receive with AC expansion, we did not consider cell division or cell rearrangement. Although these assumptions clearly differ from the actual CE properties in the notochord, under these conditions, changes in notochord morphology reflect the forces that the entire notochord cell population receives. Thus, the forces can be estimated from the morphological changes.
If no force was considered within the cells (the vertex only received the friction force, F e ), the notochord was enlarged in a homothetic shape (Fig. 6A, A 0 ). When tension and area elasticity were considered (Model 1, Fig. 5D -iv), the notochord was extended in the direction of the long side (AP axis) but was shortened in the direction of the short side (LR axis) (Fig. 6B 3-dimensional AC expansion was reduced to a 2-dimensional situation in which an expanding field (light blue disc) was considered. All of the points on the field move away from the origin (open blue point) with a rate proportional to the distance from the origin. For instance, the velocity vectors V s of four points are shown (solid blue points). Similarly, the distance between arbitrary two points expands with a rate proportional to the distance. (C) The notochord was placed on the 2-dimensional expanding field. The notochord was modeled as grids, which mimicked cells (black). In our model, the notochord was assumed to receive frictional forces from the expanding field. Lower panels represent the side-views. The original position of the notochord after the expansion is also presented (gray). (D) Mechanical elements are shown. (i) A surface tension or an elastic spring was defined on each side of the grids, one of which was introduced in a model named Model 1 or Model 2, respectively. The forces derived from the surface tensions or the elastic springs are presented as F t or F s , respectively. If a side was the boundary of two grids, two surface tensions or elastic springs were defined. For instance, the red vertex receives forces from the four sides (green lines) with eight surface tensions or elastic springs (black arrows). When a surface tension is defined to be larger than 0 or the length of a side is larger than the natural length of the spring, F t or F s becomes negative, respectively, resulting in the red vertex being pulled by the side. Note that the surface tensions were set to be constant independently of the length of the sides, leading to F t also being constant.
(ii) Area elasticity, which exerts forces F a to the vertices of the grid to maintain the area of the grid, was defined on each grid. For instance, the red vertex receives forces from the four grids (green squares and black arrows). In the case that the area of the grid is smaller than the natural area of the grid, F a is positive, resulting in the vertices being pushed outwardly. Due to the elasticity area, both the area of the grid and the total area of the notochord were maintained nearly constant during our simulations. (iii) The expanding field was defined to exert the frictional forces F e to the vertices. By assuming that the F e were proportional to V s and inertial effect was negligible, the free vertices, which corresponded to the absence of F t , F s , and F a , moved with V s , resulting in the gray position in C. The direction and the magnitude of the forces at three points are intuitively presented (gray arrows). A lower panel represents the side-view. (iv) The velocity of the vertex movement V v was assumed to be proportional to the total force that the vertex received. The total force was the sum of the forces described in (i)-(iii), and F t or F s was considered in Model 1 or Model 2, respectively. The inertial effect was neglected and the friction dominated. l is the coefficient of friction. The definitions of the parameters and the details of the model are described in Section 4.
Extending Model 1, we next added the surrounding endoderm cells, which have a much weaker tension and area elasticity. Consistent with the experimental results, the notochord was extended along the AP axis (long side) and shortened along the LR axis (short side), and extension of the neighboring endoderm was larger along the LR axis than that along the AP axis (Fig. 6E, E 0 , Movie S6). These results suggest that the rectangular shape of the original notochord causes its biased stretching, i.e. biased application of the stretching forces to the cells, along the AP axis with unbiased AC expansion. The mathematical modeling revealed application of APbiased stretching forces in the rectangular objects, similar to the notochord. However, cellular behaviors in these models appear to differ from those occurring in the actual notochord. In the mathematical model, no cellular rearrangement takes place, and morphological changes in the individual cells support alteration of tissue morphology. By contrast, in the notochord, the contribution to morphological changes of the cells is limited, and cell rearrangements mostly support extensive tissue elongation (Figs. 1 and 2) . Therefore, to further refine the hypothesis, we next performed physical simulations that considered cell rearrangements. Small metal beads representing notochord cells were placed on a latex membrane, and a small amount of water was added to connect the beads with the surface tension of the water. Then, the latex membrane was uniformly stretched in all directions mimicking unbiased AC expansion (Fig. 6F) . In this simulation, no cell division or morphological change of the individual cells were considered. When the beads were initially placed in a rectangular shape, the beads rearranged and extended in the direction of the long axis and shortened along the short axis (Fig. 6G, G 0 , Movie S7). When the beads were placed in a hexagonal shape, no rearrangement was observed (Fig. 6H , H 0 ).
Therefore, both mathematical modeling and physical simulations indicated that a combination of isotropic expansion of a substrate and an anisotropic shape of a material on the substrate is sufficient to cause application of the biased stretching forces along the longer axis and anisotropic extension of the material. Because the adherence of cells to their neighbors is a prerequisite for both models, cell-cell adhesion in the notochord is essential to operate this mechanism. This conclusion supports the hypothesis that isotropic expansion of the AC applies AP-biased anisotropic stretching forces to the notochord to support its extension along the AP axis.
AC expansion regulates notochord morphogenesis upstream of PCP signaling
PCP signaling is important for CE movement (Keller, 2002; Wallingford et al., 2002) . To understand the relationship between expansion force and PCP signaling, we next analyzed embryos that had a homozygous mutation in Vangl2, a PCP gene (Montcouquiol et al., 2003 (Fig. 7A, C and E) . In addition, the orientation of the notochord cells remained oriented in the LR direction ( Fig. 7C and F) , suggesting that PCP signaling is also required for the orientation change of the notochord cells during CE.
The orientation of the notochord cells of the Vangl2
Lp/Lp embryos showed a stronger bias toward the LR axis than toward those of the AC-pierced embryos (Fig. 7A , B, C and F), and suppression of the AC expansion in the Vangl2 Lp/Lp embryos did not enhance the LR orientation bias of the notochord cells ( Fig. 7D and F) . The development of the Vangl2 Lp/Lp embryos was slightly delayed (Fig. 7I ), but the comparison of stagematched embryos (4-5 somite stages) revealed that AC expansion was comparable between the normal and Vangl2 Lp/Lp embryos (Fig. 7J) . These results suggest that the AC expansion force acts either upstream of or in parallel to PCP signaling. To further clarify the relationship between AC expansion and PCP signaling, we next examined the distribution of Vangl2 proteins in AC-pierced embryos. In the AC-pierced embryos, the membrane accumulation of Vangl2 protein was significantly reduced (Fig. 7K-M) . The reduction of Vangl2 protein was specific because the expression of Foxa2, T, and cortical F-actin in the notochord were not significantly altered in the pierced embryos (Fig. 3K, L, 7K 0 , L 0 and N). These results support the hypothesis that the AC expansion force acts upstream of PCP signaling by sustaining the membrane accumulation of Vangl2.
Discussion
Mouse embryogenesis is regulated by several physical constraints or mechanical forces. The establishment of the embryonic-abembryonic axis of a blastocyst is regulated by the physical constraints conferred by the elliptical shape of the zona pellucida that surrounds the embryo (Kurotaki et al., 2007; Motosugi et al., 2005) . At 5.5 dpc, the formation of the distal visceral endoderm, which controls anterior development, requires the external force from the decidua to constrain the lateral expansion of the egg cylinder (Hiramatsu et al., 2013). Our current study suggests the importance of another force for notochord morphogenesis that is generated by AC expansion. Based on the results, we propose a model of mechanical control of notochord morphogenesis via AC expansion. According to this model, AC expansion provides the force that stretches the notochord along the AP axis (Fig. 7O) . The rectangular morphology of the notochord is the likely mechanism that applies anisotropic forces to the notochord. The CE of the mouse notochord consists of two types of cellular behaviors. One is lateral intercalation (Sausedo and Schoenwolf, 1994) , which is evolutionary conserved and is regulated by PCP signaling (Wang et al., 2006; Ybot-Gonzalez et al., 2007; Yen et al., 2009) , and the other is cell reorientation. The mechanical forces generated by AC expansion likely control both mechanisms. To our knowledge, this is the first report of the mechanical role that extraembryonic tissues play in the development of mouse embryos. Although we only examined the roles of expansion of the AC, the adjacent exocoelomic cavity, which is separated from the AC by a very thin amnion, also expands, and coordinated expansion of both cavities are probably important for production of the forces generated by AC expansion. Our results also suggest that the AC expansion force acts upstream of PCP signaling. Because mechanical stress controls PCP signaling in Drosophila tissues (Aigouy et al., 2010; Olguin et al., 2011) , the application of anisotropic tension by AC expansion likely contributes the directional cue for PCP signaling in CE together with the AP patterning system (Ninomiya et al., 2004) and Wnt signaling (Gao et al., 2011) found in Xenopus embryos.
The AC expansion force is applied not only to the notochord/endoderm layer but also to the overlying epiblast/neural plate and mesoderm. Indeed, the pierced embryos had a shortened body axis (Fig. 3) , suggesting that the AC expansion force is important for the global morphogenesis of embryos and notochord morphogenesis. AC expansion regulates PCP protein, and defects in PCP signaling (Vangl2 Lp/Lp mutants) compromised both the lateral intercalation and reorientation of the notochord cells (Fig. 7) . While the role of PCP signaling in CE and lateral intercalation has been well established (Keller, Ybot-Gonzalez et al., 2007; Yen et al., 2009) , the mechanism by which PCP signaling controls cell reorientation remains unknown. It is possible that increased cell motility by PCP/Wnt-Ror2 signaling (Gao et al., 2011; Nomachi et al., 2008) is required for reorientation by AP stretching. Alternatively, it is also possible that defects in the CE of neighboring tissues, e.g., neural plate and somites, in the Vangl2 Lp/Lp mutants (Wang et al., 2006; Yen et al., 2009 ) indirectly affected AP stretching of the notochord by AC expansion, which in turn suppressed the reorientation of the cells. In contrast to mouse embryos, many other mammals form a flat blastoderm that is either sandwiched by an AC and a visceral yolk sac cavity or located on one side of a visceral yolk sac cavity (Eakin and Behringer, 2004a,b) . We speculate that the coordinated expansion of these cavities would also provide the forces that expand flat blastoderms. It is of 
Vangl2
Lp/Lp somite interest to know whether a similar anisotropic tensiondependent mechanism also operates in the CE of the Xenopus notochord. Isotropic tension caused by archenteron expansion is required for the proper assembly of fibronectin, which is controlled by Wnt/PCP signaling (Dzamba et al., 2009) , and fibronectin is required for polarized cell movement (Goto et al., 2005) . However, in the explants of dorsal tissues of Xenopus embryos, which are unconstrained by tension from other tissues, extend well, and within them, cells continue to intercalate while oriented mediolaterally (Keller et al., 1989) . Therefore, while local (subcellular/local ECM) tension might be required for fibronectin assembly, Xenopus notochord extension does not require the type of global tension that has been documented here.
In conclusion, our study identifies a new role of extraembryonic tissues: mechanical control of embryo morphogenesis. Such communications between the embryonic and extraembryonic tissues through mechanical signals are also likely to play important roles in the morphogenesis of other tissues and/or the coordinated development of the embryonic and extraembryonic tissues. Nos. CDB0601K and CDB0238K, respectively; http://www.cdb.riken.jp/arg/mutant%20 mice%20 list.html) were used for live imaging and laser ablation experiments, respectively. T nEGFP-CreERT2 mice (Imuta et al., 2013 ) (Acc. No. CDB0604K; http://www.cdb.riken.jp/arg/mutant%20 mice%20 list.html) were used for monitoring the expression of T in the notochord. Mice were housed in environmentally controlled rooms of the Laboratory Animal Housing Facility of RIKEN CDB and the Center for Animal Resources and Development (CARD) of Kumamoto University. All experiments were carried out following the regulations for animal and recombinant DNA experiments in the RIKEN CDB and Kumamoto University and the laws and notifications of the Japanese government, and were approved by the institutional committees for animal and recombinant DNA experiments of RIKEN CDB and Kumamoto University.
Experimental Procedures
Mouse lines
Statistical analyses
Data were statistically analyzed with Prism 6 statistical software (GraphPad). For box-whisker plots, analyses were performed by applying the Shapiro-Wilks test for normality; the null hypothesis was rejected (i.e., data were not normally distributed) for all cases except for one experiment (laser ablation). For the laser ablation experiment, Bartlett's test showed that the variance was not equal. Therefore, non-parametric tests were used to analyze all data. The Wilcoxonbased Mann-Whitney U-test was used for comparisons of two groups. The Kruskal-Wallis test, followed by Dunn's multiple comparison test, was used for comparisons of multiple groups. Sample numbers are shown above columns. Boxwhisker plots are presented with the box containing 50% of the data around the median and whiskers encompassing 100% of the data values. The horizontal line in the box indicates the median.
Time-lapse imaging of mouse embryos
Time-lapse confocal images of live embryos were acquired by using an inverted microscope (Olympus IX81N-ZDC) equipped with an incubator unit CU109 (Live Cell Instrument), a 488-nm diode laser (Olympus), a spinning disk confocal unit (CSU-X1; Yokogawa), and a 512 · 512 pixel EMCCD camera (iXon + DU897E; Andor) as described previously (Imuta et al., 2013) . The stage and the optics carrier of the microscope were enclosed by using a custom-made environmental chamber. The entire imaging system was controlled using MetaMorph software (Molecular Devices). Time-lapse images of the notochord cells near the node of the mouse embryos between early head fold (EHF) (Downs and Davies, 1993) and early somite stages were acquired. Embryos were immobilized using modified culture dishes as described previously (Yamanaka et al., 2007) . Embryos were cultured in 50% rat serum and 50% Dulbecco's modified Eagle medium (DMEM) under 5% CO 2 . Images were acquired every 10 min, with 12-15 Z-positions at each time point, and the section interval was 8 lm. Drift in embryo positioning during imaging was corrected using the iSEMS program (Kato and Hayashi, 2008) . Z-stack images were generated by using MetaMorph, and analysis of cell movements was performed using Image J software.
Analysis of orientations of cells and cell divisions
Orientations of notochord cells were determined by evaluating the long axes of the nuclei. Orientations of cells and cell divisions were indicated by the angles from the AP-axis (Fig. 1E) .
Analysis of cell movements
Analyses of cell movements from time-lapse movies were performed by manually tracking each nucleus using the Manual Tracking plugin for Image J.
4.6.
Whole-mount immunostaining of embryos
Whole-mount immunostaining of embryos was performed with a standard procedure. Briefly, embryos were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 h at 4°C. Fixed embryos were washed briefly with PBS, permeabilized with PBS containing 0.3% Triton-X 100 for 10 min, and then washed three times in PBS containing 0.1% Tween-20 (PBT) for 10 min at room temperature. The embryos were incubated in blocking buffer (PBT containing 10% goat serum) for 1 h at room temperature and then incubated with the blocking buffer containing primary antibodies at 4°C overnight. The embryos were washed six times with PBT, followed by overnight incubation with secondary antibody in blocking buffer at 4°C. Confocal images of immunostained embryos were obtained with an inverted laser confocal microscope (A1; Nikon or FV1000; Olympus), or a macro-zoom laser confocal microscope (AZ-C1; Nikon). Rat anti-GFP (1:500; 04404-84; Nacalai Tesque), mouse anti-b-catenin (1:2000; 610154; BD Biosciences), and rabbit anti-Vangl2 (Montcouquiol et al., 2006) (1:1000; gift from M. Montcouquiol) antibodies were used as primary antibodies. Anti-rat IgG labeled with Dylight488 (1:1000; 112-485-167; Jackson ImmunoResearch), anti-mouse IgG labeled with Alexa Fluor 555 (1:2000; A21424; Invitrogen), and anti-rabbit IgG labeled with Alexa Fluor 488 (1:500; A11008; Invitrogen) were used as secondary antibodies. F-actin and nuclei were stained with Texas Red-X phalloidin (1:100; T7471; Invitrogen) and Hoechst 33258 (1:200,000; Invitrogen), respectively.
Laser ablation of cells in embryos
Laser ablation of a single cell in LHF to 1-somite stage embryos was performed using a specially assembled inverted multi-photon microscope combined with a full-sized CO 2 /O 2 incubator as described previously (Eiraku et al., 2011) . For high-resolution multi-photon live imaging during laser ablation, an optical section image (512 · 512 pixels) was taken at each time point using a ·25 water-immersion lens (N.A.
1.05; Olympus) and multi-photon femtosecond laser (900 nm; Mai-Tai DeepSee eHP; Spectra-Physics) with group velocity dispersion auto-compensation. Laser ablation was performed using the same multi-photon optical system for 3D live imaging. A 900-nm laser beam from Mai-Tai Deep-See eHP at full power was condensed at the target cells via a ·25 water-immersion lens (N.A. 1.05) using a spot illumination of three times of 100 microseconds. The first image after laser ablation was acquired 6.47 s after ablation. After laser ablation, the surrounding cells first moved away from the ablated cells, but then approached the ablated cells to close the wound. Therefore, the distance of cellular movement before and after laser ablation was quantified at the time when the distance reached the maximum (9-16 s after ablation), and the position of the cells was quantified by the centroids of the nuclei.
Cells were classified into four groups (anterior (A), posterior (P), left (L), and right (R)) depending on the position of the cells relative to the ablated cell (Fig. 1J) . Their movement along the x-axis (for L and R) and y-axis (for A and P) were used for analyses. For the cells in the A or P positions, absolute values of the movement along the A-P axis are shown as ADy or PDy, respectively. For the cells in the L or R positions, the absolute values of the movement along the L-R axis are shown as LDx or RDx, respectively. The number of nuclei examined is indicated above each bar ( Fig. 1K and M) .
4.8.
Suppression of AC expansion LB-stage embryos (Downs and Davies, 1993) were cultured in vitro for 8 h (approximately 5-somite stage) with 50% rat serum and 50% DMEM under 5% CO 2 with rotation. To suppress AC expansion, a fine glass capillary that has an open tip was inserted into the AC of LB-stage embryos by piercing through the yolk sac and the amnion. Because the glass capillary tends to clog during the in vitro culture of embryos, another glass capillary was inserted after 4 h of culture.
4.9.
Comparison of cavity size
The size of extraembryonic cavities, i.e., the sum of amniotic and exocoelomic cavities, was represented by the 2D area of extraembryonic cavities in the left-side view of the embryo. Essentially, the same results were obtained when the area of cavities in the frontal view was used for comparison. We considered a 2-dimensional notochord. The notochord was assumed to be an elastic architecture composed of grids that mimicked cells, and was placed on the expanding field (Fig. 5C ). The frictional force between the notochord and the expanding field will be defined in the part 3 ''Modeling of frictional force from AC expansion''. Each grid was defined to include surface tension or an elastic spring on each side (Fig. 5D-i ) and area elasticity (Fig. 5D-ii) . Surface tension or an elastic spring exerted a force on the two vertices of the side. The surface tension was assumed to be constant (Fig. 5D-i) .
Here, F t is the force exerted on a vertex, and T is the surface tension. The force provided by the elastic spring is defined as follows (Fig. 5D-i) :
Here, F s is the force exerted on a vertex of the side, k s is the elastic constant of the springs, and L or L 0 is the length of the side or the natural length of the spring, respectively. The potential energy conferred from the area elasticity was defined as follows ( Fig. 5D-ii) :
Here, U a is the potential energy, k a is the area elastic constant, and A or A 0 is the area of each grid or the natural area of each grid, respectively. The potential energy generates forces on the four vertices of each grid, and the forces were calculated by numerical differentiations of the potential with respect to the positional vector,
where F a is the force exerted on a vertex. Finally, the total force applied on a vertex is the sum of the three forces, and F t or F s was considered in Model 1 or Model 2, respectively, as follows:
4.10.1.2 Surrounding endoderm.
When we took the endoderm into consideration (Fig. 6E) , the endoderm was placed to surround the notochord. We modeled the endoderm similarly to the notochord: surface tension, elastic springs, and area elasticity were included, but with different values. The frictional force between the endoderm and the expanding field was also considered in the similar way to the notochord.
Modeling of AC expansion
To model AC expansion, we first considered a 3D situation. AC expansion was mimicked by using a uniformly expanding sphere, such as a rubber balloon. The arc length between two points on the spherical surface is increased through the sphere expansion, and the increasing rate is proportional to the arc length (Fig. 5A) . Thus, if an origin is defined on the surface, all points on the surface will move away from the origin with speeds proportional to the arc lengths from the origin. To simplify the model, we reduced the 3D situation to a 2D situation. On the 2D expanding field, all points should move away from an origin with speeds proportional to the distance from the origin, as shown below (Fig. 5B) :
Here, V s is the velocity of the points, and p is the positional vector representing the distance from the origin. This formulation results in that the distance between arbitrary two points expands with a rate proportional to the distance.
Modeling of frictional force from AC expansion
We defined a frictional force exerted between the expanding field and an object placed on the field. We assumed that the motion of the object was dominated by the friction rather than inertial effect, and that the frictional force was defined to be proportional to the velocity of the expanding field:
Here, F e is the frictional force applied to the object on the expanding field, and l is the coefficient of friction. Because V s is proportional to p, F e is also proportional to p as shown below,
Thus, we can rewrite the equation as follows (Fig. 5D-iii) :
Here, k e is the proportionality coefficient between V s and p. Therefore, F e is a function of p. Objects on this force field are dragged by F e . In the notochord, each vertex was assumed to receive the frictional force F e from the expanding substrate.
Movement of notochord and endoderm on AC expansion
Movement of the vertices comprising the notochord or the endoderm might be determined by the sum of the forces and friction as follows:
Here, m is the weight of the vertex, V v is the velocity of the vertices, t is time, and l is the coefficient of friction. We can rewrite the equation as follows by using equation 7:
Here, F sum is the sum of the forces:
We assumed that the inertial effect was negligible. Thus, the left-hand of equation 11, in which dV v /dt means acceleration, should be = 0.0. Consequently, the velocity of a vertex was written as (Fig. 5D-iv) :
When F tot is zero, V v becomes V s . In other words, a vertex moves with the same speed as the expanding field, if there are no other forces except the frictional force (Figs. 5B and 6A).
Parameter values used in our simulation
The simulations were run for 100,000 iterations with each step representing 0.01 time units [A.U.]. The AC was expanded 3-fold during the simulations. The origin of the coordinates was put at the centroid of the notochord in Fig. 6 , but the position did not affect the results. The coefficient of friction, l, was set as 1.0. The grid size was set as 1.0 · 1.0. In the notochord, the surface tension, T, was set as 0.0, 0.005, 0.005, or 0.005 in Fig. 6A , B, C, or E, respectively. The elastic area constant, k a, was 0.0, 0.1, 0.1, or 0.1 in Fig. 6A , B, C, or E, respectively. When the endoderm was considered (Fig. 6E) , T and k a in the endoderm were set as 0.0005 and 0.01, respectively.
